The source of nitric oxide (NO) in plants is unclear and it has been reported NO can be produced by nitric oxide synthase (NOS) like enzymes and by nitrate reductase (NR). Here we used wild-type, Atnos1 mutant and nia1, nia2 NR-deficient mutant plants of Arabidopsis thaliana to investigate the potential source of NO production in response to Verticillium dahliae toxins (VD-toxins). The results revealed that NO production is much higher in wild-type and Atnos1 mutant than in nia1, nia2 NR-deficient mutants. The NR inhibitor had a significant effect on VD-toxins-induced NO production; whereas NOS inhibitor had a slight effect. NR activity was significantly implicated in NO production. The results indicated that as NO was induced in response to VD-toxins in Arabidopsis, the major source was the NR pathway. The production of NOS-system appeared to be secondary. [BMB reports 2008; 41(1): 79-85]
INTRODUCTION
Nitric oxide (NO) has been identified as an essential molecule that mediates defense gene activation in plants (1) (2) (3) (4) (5) (6) (7) (8) . It has been demonstrated that NO generation was one of the earliest responses in incompatible plant-pathogen interactions and suppression of NO production led to increased susceptibility to attack (9, 10) . NO functions as a messenger are involved in several patho-physiological processes.
Although increasing evidence suggests that NO plays an important physiological role in plants, the mechanisms responsible for the synthesis of NO in plants remain controversial. Previous studies have reported that NO can be produced by nitric oxide synthase (NOS) like enzymes and by nitrate reductase (NR) in plants (9, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . But it is still unclear whether and under what conditions NO is produced by NR or by NOS. The source of NO production has yet to be fully demonstrated, particularly during plant-pathogen interaction.
In previous study, we observed that NO responded to VD-toxins (toxins derived by Verticillium dahliae Kleb., which can induce Verticillium wilt and cause serious damage to plants) inducted rapidly in wild-type Arabidopsis and cotton. VD-toxins triggered stronger NO burst in cotton resistant cultivars than in susceptible cultivar and NO played an important role in the induction of resistance to VD-toxins (23, 24) .
In order to further understand the molecular mechanisms responsible for NO production and its function in the defensive responses against Verticillium dahliae or VD-toxins in Arabidopsis, in the present study, we used wild-type, Atnos1 mutant and nia1, nia2 NR-deficient mutant plants of Arabidopsis thaliana to investigate the potential source of NO production in response to VD-toxins. Our results suggested that NO production is regulated primarily by the nitrate reductase (NR). NR appeared to be a much stronger factor than NOS for the production of NO in response to VD-toxins in Arabidopsis leaves.
RESULTS

VD-toxins induces nitric oxide production in Arabidopsis leaves
In order to characterize the source and kinetics of NO burst in the responses induced by VD-toxins, NO production induced by VD-toxins in leaves of wild-type, Atnos1 mutant and nia1, nia2 NR-deficient mutants of Arabidopsis were examined. Leaves from Arabidopsis were loaded with DAF-2DA and analyzed with confocal laser scanning microscopy by monitoring the changes in NO-induced fluorescence. NO production could be observed about 30 min after VD-toxins treatment and maximum fluorescence intensity was recorded after 50-60 min in wild-type Arabidopsis leaves (Fig. 1A , a-e and 1B). After reaching the maximum, the fluorescence intensity deceased slowly, reaching the basal fluorescence level 80 min after VD-toxins treatment.
Similarly, the kinetics of NO burst was measured over time in Atnos1 mutant leaves. Treatment with VD-toxins induced larger accumulation of NO. A sustained burst peak appeared at 30 min post treatment and the maximum fluorescence intensity was recorded after 80 min and maintained at the level for 50-60 min before decreasing rapidly ( Fig. 1 A, f-j and 1B) .
However, the increasing of NO burst in nia1, nia2 NR-defi-http://bmbreports.org cient mutant leaves was not significant (Fig 1 A, k-o and 1B). Thus, it was clear that NO was produced during the early stages of the Arabidopsis-VD-toxins interaction. Direct comparison of treated wild-type plants with treated Atnos1 mutant and nia1, nia2 NR-deficient mutants from the same experiments showed appreciable differences in NO accumulation at any time-point examined. NO production was much higher in wild-type and Atnos1 mutant than in nia1, nia2 NR-deficient mutants of Arabidopsis.
NO production monitored mainly by nitrate reductase
The potential source of NO production in VD-toxins-induced response was examined by monitoring NO synthesis in response to applied NR inhibitor and NOS inhibitor. Treatment with VD-toxins did lead to the epidermal cells showing the brighter fluorescence 40-45 min post-treatment ( Fig. 2A, b and 2B) than the control ( Fig. 2A, a and 2B ). Fluorescence brightness was significantly eliminated if leaves were co-treated with VD-toxins and NR inhibitor ( Fig. 2A, c and 2B ). No significant differences were recorded between these and control. However, the intensity of fluorescence was reduced slightly when leaves were co-treated with VD-toxins and NOS inhibitor ( Fig. 2A, d and 2B) compare to those of NR inhibitor co-treated. VD-toxins induced NO production was prevented by co-treating with cPTIO ( Fig. 2A , e and 2B). The cPTIO was considered a specific scavenger of NO and it was proved that NO was completely removed by cPTIO in these experiments. The results suggested that the potential NR inhibitor had a more pronounced effect on VD-toxins-induced NO production, whereas NOS inhibitor had a slight effect. Together these data demonstrated unequivocally that NR, rather than NOS, is responsible for the majority of NO synthesis after VD-toxins treatment in Arabidopsis.
Effects of VD-toxins on nitrate reductase activities and transcript levels
To further determine whether VD-toxins-induced NO production is primarily dependent on nitrate reductase, the NR activities and NR mRNA levels were examined in wild-type, Atnos1 mutant and nia1, nia2 NR-deficient mutants of Arabidopsis in the absence and presence of VD-toxins. The nia1, nia2 NR-deficient mutants showed no increase of NR activity in response to VD-toxins compared with control, whereas the Atnos1 mutants showed a significant increase of NR activity, it was http://bmbreports.org BMB reports 9.3-fold higher than the control (Fig. 3) . The effect of VD-toxins on NR mRNA is similar to its effect on activity. As shown in Fig. 4 , nia2 mRNA showed no increase in the nia1, nia2 NR-deficient mutants, whereas nia2 mRNA increased 6.3-fold in Atnos1 mutants after VD-toxins treatment, nia1 mRNA increased about 3-fold in both mutants. The results indicated that NR was significantly regulated at the transcriptional levels by VD-toxins and VD-toxins-induced NR activity greatly diminished in nia1, nia2 NR-deficient mutants due to loss-offunction mutations in each of the two nitrate reductase genes.
The results also suggested that the VD-toxins-induced NR activity was significantly increased in Atnos1 mutants and not influenced by the absence of NOS.
DISCUSSION
It has been suggested that NO play a major regulatory role in plant defense responses associated with microbial pathogen attack (2, 3, 18, 19, 23, (25) (26) (27) . NO induces a complementary set of plant defense genes, indicating that NO may act as the signaling molecules to involve in the defense responses in plants (4, 8, 15) . Although much attention has been paid to the process controlled and induced by NO in plants, the potential source of NO production in plant-pathogen interactions has not been elucidated. There is no general agreement on the NO production pathway. It was observed that no significant differences were seen in NO accumulation in response to infection with avirulent pathogens between wild-type Arabidopsis plants http://bmbreports.org and nia1, nia2 double mutant plants and it was suggested that an NOS-like enzyme, rather than nitrate reductase, was responsible for NO synthesis during the Arabidopsis HR (28) . It was also found that Arabidopsis lacking NOS were more susceptible to avirulent pathogen, Atnos1 mutant showed a faster and much more severe development of disease symptoms than wild-type plants. The Atnos1 mutant was impaired in NO synthesis or accumulation in response to ABA or lipopolysaccharide (LPS) treatments (16, 29, 30) . The results seemed to suggest that NOS is a contributor toward the activation of plant defense responses and NR does not seem to be involved in NO generation (31) .
However, there have been a number of studies indicating that plant cells have a nitrate reductase-dependent NO production pathway that can be distinguished from the NOSmediated reaction. Rockel et al. reported that NO was produced mainly by nitrate reductase (NR) and NOS-system was secondary under some conditions in leaves of sunflower (20) . Alga mutants, lacks NR activity, did not display nitrite-dependent NO production observed in the wild-type cells (32). NAD(P) H-dependent NR was shown to be the primary origin of NO production instead of NOS in plants (33) . Similarly, several lines of evidence suggested that NR was the major source for NO production by plants in response to pathogen or elicitor, and NR had a relevant role during plant-pathogen interaction (17, 34, 35) . In accordance with these reports, our results revealed that NO production is much higher in wild-type and Atnos1 mutant than in nia1, nia2 NR-deficient mutants of Arabidopsis. Furthermore, the NR inhibitor had a more pronounced effect on VD-toxins-induced NO production than NOS inhibitor had, demonstrating that NR activity is significantly implicated in NO production during the response to VD-toxins in Arabidopsis.
The NIA2 gene encoded most of the shoot NR activity and nia2 mutants had only 10% of wild-type NR activity (36) . In the present study, the increase in NR activity and nia2 mRNA level was not observed in nia1, nia2 NR-deficient mutants treated with VD-toxins, whereas the increase was significant higher in wild-type and Atnos1 mutant. These results indicated that regulation of NR activity at transcriptional level appears to play a crucial role in the response to VD-toxins.
Thus, our basic conclusion seems valid that NO is produced mostly by depending on the NR pathway in response to VDtoxins in Arabidopsis, and the contribution by NOS-system is secondary under this conditions. In addition, NR-mediated NO synthesis is not impaired in Atnos1 mutant, demonstrating that NR-NO activity is not affected in some way by the Atnos1 mutation (29) .
MATERIALS AND METHODS
Plant material and tissue-culture conditions
The seeds of Atnos1 mutant and nia1, nia2 NR-deficient mutant plants of Arabidopsis thaliana Columbia (Col-0) ecotype were obtained from Prof. Crawford NM and Dr. Guo F-Q (University of California).
Arabidopsis thaliana seeds were maintained for 4 days at 4 o C (darkness). Seeds were sterilized and grown on MS medium containing 3% sucrose and 0.7% agar at 21 ± 2 o C with 14 h light (100 μM/m 2 /s) and 10 h dark and 70% relative humidity. The Petri dishes were vertically placed in a growth chamber. After 7 d cultured in MS medium, the seedlings were harvested for experiments.
Chemicals
All chemicals were purchased from Sigma unless stated otherwise. 4,5-Diaminofluorescein diacetate (DAF-2DA, the specific fluorescent probe of NO); carboxy-2-phenyl-4,4,5,5-Tetramethylimidazolinone-3-oxide-1-oxyl (cPTIO, a scavenger for NO); Nω-nitro-L-arginine (L-NNA, NOS inhibitors); sodium tungstate (Na2WO4, NR inhibitors).
Preparation of crude VD-toxins from Verticillium dahliae
Verticillium dahliae has been reported to produce phytotoxins that have been implicated in symptom development (37) (38) (39) (40) . In the present study, a highly infectious and non-defoliating strain of Verticillium dahliae Kleb (V229) was used to extract VD-toxins. The fungus was cultured as described previously (40) . The fungus culture was filtered through filter paper; the filtrate was centrifuged at 10,000 g for 30 min to remove the spores. The supernatant was frozen ( 20 o C) for 24 h, lyophilized for 36 h and dissolved in distilled water to make a 0.5 mg/ml solution. The solution was dialysed by 1 kDa of Dialysis Membranes (MWCO) in 4 o C for 24 h. The concentrated solution was frozen and lyophilized again and the dust was dissolved in distilled water. The solution was then refiltered through 0.45 μm pore size Millipore filter. The resulting filtrate was used as a crude VD-toxins extract for further experiment. Protein contents in the crude extract were used to represent concentrations of VD-toxins and were determined by the method of (41) . Bovine serum albumin (BSA, Sigma) was used as a standard.
NO assays
To observe NO production in vivo using fluorescence microscopy, fully expanded leaves were removed from Arabidopsis seedlings. The leaves were placed in a eppendorf tube containing loading buffer (10 mM Tris -KCl, pH 7.2) supplemented with VD-toxins (150 μg/ml) and DAF-2DA at a final concentration of 10 μM ( added from a 10 mM stock in DMSO). If not otherwise indicated, leaves were maintained at room temperature in the dark for 10 min. The leaves incubated in loading buffer without VD-toxins were used as controls. The leaves were observed using confocal laser scanning microscope (CLSM) (the Zeiss LSM 510, Oberkochen, Germany). CLSM working conditions were as follow: Power 70%; Excitation at 488 nm; Emission at 505-530 nm. The optimal confocal plane through region of selected cells was defined and a time-lapse sequence was recorded at this confocal plane. The time-lapse scanning was recorded over 130 min at 2 min intervals. For inhibitors or scavenger-treated leaves, the above solution was supplemented with cPTIO (0.1 mM), L-NNA (0.1 mM) and sodium tungstate (0.1 mM), respectively. Images were processed and analysed using the Zeiss LSM 510 software. Data are presented as mean pixel intensities. Experiments were repeated at least three times with at least 3 samples per treatment.
Assay of nitrate reductase activities
Nitrate reductase activities were measured in Arabidopsis leaves after 2 h of treatment with 0.1 M phosphate buffer-containing VD-toxins (150 μg/ml). The leaves treated with the phosphate buffer without VD-toxins were used as controls. And then the reaction solution was diluted with 1 ml of 0.1 M phosphate buffer (pH 7.5), 0.1 M KH2PO4, 14 mM mercaptoethanol containing anti-protease cocktail (Merck KGaA, Darmstadt, Germany), and 1 mM chymostatin, in the presence of 200 μl of 1.4 mM NADH and 200 μl of 0.1 M KNO3 at 30 o C in the dark. After 30 min, the reaction was stopped with 100 μl of 1 M zinc acetate, 1 ml of 1% sulphanilic acid, and 1 ml of 0.2% naphthyl ethylene diamine. Nitrite concentration was measured at 540 nm. NR activities were determined by the difference between the quantity of nitrite in leave extracts after 30 min of reaction and the initial quantity (42) . The protein content of the enzyme extracts was measured according to the method of (43) . Bovine serum albumin (BSA, Sigma) was used as a standard. Experiments were repeated at least three times.
Total RNA extraction and RT-PCR
Total RNA was extracted from Arabidopsis leaves 1.5 h after VD-toxins (150 μg/ml) treatment with TRIZOL Reagent (Bio Basic Inc, CA). Synthesis of cDNA was performed from 2 μg total RNA using M-MLV resverse transcriptase (Promega). Gene specific primers for nia1, nia2 and actin were designed by primer 5.0 software and synthesis by Songon company The PCR products were run on a 1.8% agarose gel, and stained with ethidium bromide. The RT-PCR products were photographed and quantified the band identity with Alphaimager TM 2200 system. A 100-bp DNA ladder was used to size of the products.
Each reaction was performed three times independently.
